The objective of this study was to determine whether antibiotic exposure is associated with extended-spectrum-beta-lactamaseor AmpC-producing Escherichia coli or Klebsiella pneumoniae infections in children. We collected extended-spectrum-betalactamase-or AmpC-producing E. coli or K. pneumoniae isolates and same-species susceptible controls from normally sterile sites of patients aged <21 years, along with associated clinical data, at four free-standing pediatric centers. After controlling for potential confounders, the relative risk of having an extended-spectrum-beta-lactamase-producing isolate rather than a susceptible isolate was 2.2 times higher (95% confidence interval [CI], 1.49 to 3.35) among those with antibiotic exposure in the 30 days prior to infection than in those with no antibiotic exposure. The results were similar when analyses were limited to exposure to third-generation cephalosporins, other broad-spectrum beta-lactams, or trimethoprim-sulfamethoxazole. Conversely, the relative risk of having an AmpC-producing versus a susceptible isolate was not significantly elevated with any antibiotic exposure in the 30 days prior to infection (adjusted relative risk ratio, 1.12; 95% CI, 0.65 to 1.91). However, when examining subgroups of antibiotics, the relative risk of having an AmpC-producing isolate was higher for patients with exposure to third-generation cephalosporins (adjusted relative risk ratio, 4.48; 95% CI, 1.75 to 11.43). Dose-response relationships between antibiotic exposure and extended-spectrum-beta-lactamase-producing or AmpC-producing isolates were not demonstrated. These results reinforce the need to study and implement pediatric antimicrobial stewardship strategies, and they indicate that epidemiological studies of third-generation cephalosporin-resistant E. coli and K. pneumoniae isolates should include resistance mechanisms when possible. E merging antibiotic resistance is a serious threat to global public health. Multidrug resistance in Enterobacteriaceae specifically is a growing concern due to the continual increase in rates of resistance, the rapid emergence of new mechanisms of resistance, and a limited pipeline of new antibacterial agents (1, 2) .
Antibiotic use promotes antibiotic resistance by selecting for antibiotic-resistant organisms and/or by disrupting the antibiotic-susceptible flora within individuals (3) . Multiple studies of adult patients have demonstrated an association between prior antibiotic exposure and infection with extended-spectrum-beta-lactamase (ESBL)-producing Escherichia coli and Klebsiella species (4-10), but there are fewer data from pediatric settings. Additionally, very few studies have specifically examined the role of antibiotic use in the development of AmpC-producing infections (11) (12) (13) (14) (15) (16) . Although recent data suggest that AmpC-producing Enterobacteriaceae may be increasingly prevalent within pediatric settings, the epidemiology of AmpC-producing infections in pediatrics has not been well characterized (17) .
The objective of this study was to investigate the relationship between prior antibiotic exposure and subsequent ESBL-and AmpC-producing E. coli and Klebsiella pneumoniae infections in pediatric patients. We also sought to examine differential risks in hospitalization for treatment of the infection between pediatric patients with ESBL-or AmpC-producing isolates and those with susceptible isolates.
MATERIALS AND METHODS
Setting and institutional review. This prospective surveillance study involved four hospitals, referred to as "West," "Midwest 1," "Midwest 2," and "East." The Institutional Review Board at each hospital approved the study protocol.
Subjects and study isolates. Between 1 September 2009 and 30 September 2013, participating hospitals collected all extended-spectrumcephalosporin-resistant E. coli and K. pneumoniae isolates recovered from urine or other normally sterile sites during routine clinical care of both hospitalized and outpatient children Յ21 years of age. These candidate resistant case isolates included those nonsusceptible to ceftriaxone, cefotaxime, ceftazidime, cefepime, or aztreonam. For each resistant case isolate, three subsequent same-species isolates that were susceptible to the aforementioned agents were collected; these isolates will be referred to hereinafter as susceptible controls. Each hospital used its routine clinical microbiological methods to preliminarily classify isolates as susceptible or resistant. Isolates were archived at Ϫ70°C and shipped to the coordinating center quarterly. The date of isolate collection for both cases and controls represented the index date.
Coordinating center methods for confirmation and further characterization of study isolates. (i) Overview. Upon arrival from participating laboratories, candidate resistant isolates and control isolates were further evaluated at the coordinating center using standardized methods to confirm species and antibiotic susceptibility and to characterize resistance phenotype (ESBL versus AmpC producing) and genotype as described below.
(ii) Identification. Study isolates were identified to the species level using the Vitek card for identification of Gram-negative organisms (GN ID card; bioMérieux).
(iii) Antibiotic susceptibility testing. Antibiotic susceptibility was determined by disk diffusion. All isolates were tested for susceptibility to ampicillin, amoxicillin-clavulanic acid, cefazolin, cefuroxime, ceftazidime, ceftriaxone, cefepime, meropenem, piperacillin-tazobactam, ciprofloxacin, gentamicin, and sulfamethoxazole-trimethoprim. The cephalosporin breakpoints recommended by CLSI in 2010 (18) were applied to all candidate resistant isolates.
(iv) Phenotypic characterization. The class A ESBL phenotype was characterized using paired disk diffusion and Etests (19, 20) . The class C AmpC phenotype was identified using cefepime and cefoxitin disks and Etest strips (bioMérieux) containing cefotetan with and without cloxacillin (21, 22) . Control strains included the CLSI-recommended strains E. coli ATCC 25922 and K. pneumoniae ATCC 700603 and a laboratorycharacterized E. coli strain containing bla CMY-2 (19) .
(v) Resistance genotyping. All study isolates (cases and controls) were tested by PCR using primer sets for genes encoding common extendedspectrum cephalosporinases, including class A CTX-M and extendedspectrum TEM and SHV, as well as class C CMY, DHA, and FOX (see Table S1 in the supplemental material) (19, (23) (24) (25) . Because narrow-spectrum bla SHV -type ampicillinases are ubiquitous chromosomal traits among K. pneumoniae, all isolates of this species were screened for the presence of extended-spectrum bla SHV variants (typically associated with IS26 elements) using a combination of primers, as previously described (19, 26) . Assembly and alignment of nucleotide sequences were performed to type the genetic determinants as previously described (19) . Given the high prevalence of narrow-spectrum TEM among Enterobacteriaceae, sequencing of TEM amplicons was carried out only in case isolates with no resistance determinants detected.
Clinical data. Demographic and clinical data were collected from the medical records of cases and controls using standardized case report forms. Data on underlying medical conditions were collected and categorized using the strategy developed by Feudtner et al. (see Table S2 in the supplemental material) (27) . Additionally, we added vesicoureteral reflux and neurogenic bladder (categorized as urologic) and neurogenic bowel (categorized as gastrointestinal) to our data collection form, as these conditions were not included in the strategy of Feudtner et al. For patients contributing urine isolates, symptom and culture data (collection method, etc.) were collected. Patients were characterized as likely having a urinary tract infection (UTI) if the culture was considered clinically significant (i.e., met standard microbiology laboratory criteria for susceptibility testing) (28) and/or the patient had symptoms of a UTI (presence of fever, abdominal/flank pain, vomiting, change in color or odor of urine, change in continence pattern, hematuria, dysuria, or frequency/urgency). All documented exposures to systemic (i.e., oral or intravenous) inpatient and outpatient antibiotic treatment and prophylaxis in the year prior to the index date were collected. Outpatient antibiotic and prophylaxis data were collected from orders or prescriptions from pharmacy records or from clinical chart notes. These data were recorded by the calendar month of exposure using the case report form. Inpatient antibiotic treatment exposures were obtained from the Pediatric Health Information System (PHIS) database, and the antibiotic administered, route of administration, and calendar date of receipt were recorded. The PHIS database is an administrative database that contains comprehensive inpatient data from 45 free-standing children's hospitals across the United States, including the 4 participating hospitals. The PHIS hospitals include the largest children's hospitals in America. Participating hospitals provide deidentified data that were subjected to rigorous reliability and validity checks before being incorporated into the database.
Antibiotic exposure. For statistical analyses, we grouped antibiotic exposure (whether prophylactic or treatment) into the following nonmutually exclusive categories: (i) any agent, denoting any antibiotic; (ii) broad-spectrum beta-lactams, including (a) the third-generation cephalosporins ceftriaxone, cefotaxime, ceftazidime, cefdinir, cefixime, and cefpodoxime, (b) carbapenems, and (c) cefepime and betalactam/beta-lactamase inhibitor combinations; (iii) fluoroquinolones, including ciprofloxacin, moxifloxacin, and levofloxacin; (iv) aminoglycosides, including gentamicin, tobramycin, and amikacin; (v) trimethoprim-sulfamethoxazole (TMP-SMX); and (vi) anaerobic agents, including beta-lactam/beta-lactamase inhibitor combinations, carbapenems, cefoxitin, clindamycin, metronidazole, moxifloxacin, and tigecycline.
A breakdown of antibiotic exposure by each category and/or individual antibiotic is provided in Table S3 in the supplemental material.
Statistical analyses. Isolates demonstrating both ESBL and AmpC phenotypes and/or those with both class A and class C genes detected were excluded from all analyses.
We first assessed distributional characteristics in demographic and clinical variables between the cases and controls. The Kruskal Wallis test was used for continuous variables, and chi-square was used for categorical variables; a Mantel-Haenszel approach with stratification by hospital was applied when the sample size was sufficiently large at each hospital.
To evaluate the association between prior antibiotic exposure (both any exposure and by the individual categories described above) and subsequent infection with a resistant isolate, we used multinomial logistic regression, as the outcome of interest was case status with three categories: ESBL producing, AmpC producing, and susceptible (controls). The association was quantified by a relative risk ratio (RRR) estimate. We selected potential confounders a priori, including age, sex, previous hospitalization in the past year, presence of an indwelling device (categorized as central venous catheter, urinary catheter without central venous catheter, or other), immunosuppression (defined in Table 1 ), and underlying medical conditions. As we were primarily interested in examining those medical conditions known to confer increased risk of UTI or infection overall, we initially planned to focus on urologic conditions and malignancy versus other diagnoses. For the analyses, end-stage renal disease was removed from the original urologic category and recategorized as "other" due to the difference in pathophysiology from the other urologic conditions. We also examined neuromuscular and gastrointestinal conditions, given their relatively high frequencies in our data set (see Table S2 in the supplemental material). Preliminary analyses demonstrated that neuromuscular and urologic conditions were highly correlated (76% of those with a neuromuscular condition also had a urologic condition, mostly neurogenic bladder). Similarly, half of the gastrointestinal conditions were neurogenic bowel and 60% of those with a gastrointestinal condition also had a urologic condition. Based on these findings, we formulated a categorical variable with the mutually exclusive categories of "urologic," "malignancy without urologic condition," and "other condition without urologic or malignancy." We initially intended to include international travel as a confounder but later excluded this variable due to poor data quality at the majority of sites. Reassuringly, there was no evidence of an association between international travel and previous antibiotic use at the site where this variable was captured most completely and systematically (data not shown).
Next, we used multinomial logistic regression to explore whether a dose-response relationship existed between antibiotic exposure in the 90 days prior to infection and having a resistant isolate. The model was constructed using the same set of potential confounders as listed above. Since we only had calendar month of receipt for outpatient antibiotic use, we assigned each documented outpatient antibiotic course to count as 10 days of antibiotic use, as this is a common treatment duration for many pediatric indications (29, 30; http://www.cdc.gov/getsmart/community /for-hcp/outpatient-hcp/pediatric-treatment-rec.html). If the outpatient antibiotic course was identified as prophylaxis, the antibiotic was considered to be given every day between the start and stop month. The distribution of the data limited the categories of antibiotic exposure we could examine in multivariable analysis. Most patients (60%) had no antibiotic exposure in the preceding 90 days, while ϳ11% had 1 to 15 days, ϳ8% had 16 to 30 days, ϳ7% had 31 to 60 days, and ϳ14% had 61 to 90 days. Based on clinically meaningful cut points and the distribution of the data, we divided days of antibiotic exposure into 3 categories: 0 days, 1 to 30 days, and 31 to 90 days of use. The referent category was 1 to 30 days of antibiotic use. A dose-response relationship would be supported if both the RRR comparing 0 days of antibiotic exposure to 1 to 30 days of antibiotic exposure was significantly less than 1 and the RRR comparing 31 to 90 days of exposure to 1 to 30 days of exposure was significantly greater than 1 (31) .
Finally, we used multivariable logistic regression to evaluate the odds of being hospitalized after the identification of infection among case and control patients that were not already hospitalized when their index isolate was collected (i.e., hospital-acquired cases were excluded). We controlled for age, sex, previous hospitalization, any indwelling device, any underlying medical condition, immunosuppression (as defined in Table  1) , species, and hospital in this model.
Statistical analyses were performed using Stata (version 12.1; Stata Corp., College Station, TX). We considered a two-tailed P value of Ͻ0.05 significant.
RESULTS
A total of 304 case isolates, including 210 ESBL-and 94 AmpCproducing isolates, and 900 susceptible control isolates were included in this study (12 controls were missing due to errors in collection or failure to meet eligibility criteria). Overall, E. coli and K. pneumoniae accounted for 88% and 12% of isolates, respectively (Table 1) . Urine was the source of 92% of the isolates, and 99% of these met the criteria for likely UTI. An ESBL determinant was detected in 91% of the isolates with an ESBL phenotype; no determinant was detected in the remaining 9%. An AmpC determinant was detected in 88% of the isolates with an AmpC phenotype; no determinant was detected in the remaining 12%.
Demographic and clinical factors. Overall, the median age of the subjects was 5.2 years (range, 0.1 to 21.9; interquartile range, 1.4, 12.2). Subjects with ESBL isolates were younger than the controls, while those with AmpC isolates were older than the controls (Table 1 ). In addition, compared to the controls, patients with ESBL-or AmpC-producing isolates were more likely to be male and to have underlying medical conditions, indwelling devices, and previous hospitalizations in the past year (P Յ 0.01 for all comparisons) ( Table 1 ). Both AmpC-and ESBL-producing isolates were more likely than controls to be resistant to TMP-SMX, ciprofloxacin, and gentamicin (Table 1) .
Antibiotic exposure as a risk factor for an ESBL-or AmpCproducing isolate. Compared to controls, a larger proportion of patients with ESBL-or AmpC-producing isolates were exposed to antibiotics in the 30 and 90 days prior to the culture date of the study isolate (Table 2) . A similar pattern was seen when examining the subcategories of broad-spectrum beta-lactams and TMP-SMX exposure ( Table 2) .
After controlling for potential confounding factors, the relative risk of having an ESBL-producing isolate rather than a susceptible isolate was 2.19 times higher (95% confidence interval [CI], 1.49 to 3.25) among those with antibiotic exposure in the 30 days prior to infection than in those with no antibiotic exposure ( Table 2) . Similar results were found when antibiotic exposure in the 90 days prior to the index date was examined. Similar results were also found when examining exposure to certain specific antibiotic categories in the 30 days prior to the index date, including noncarbapenem broad-spectrum beta-lactams and TMP-SMX. In contrast, exposure to other antibiotic subgroups was not associated with an increased adjusted relative risk of an ESBL-producing isolate ( Table 2 ). In the dose-response analysis of antibiotic exposure in the 90 days prior to index infection, we found that compared to patients with 1 to 30 days of antibiotic exposure, patients with no exposure to antibiotics had a lower adjusted relative risk of having an ESBL-producing isolate (adjusted relative risk ratio [aRRR] of 0.53; 95% CI, 0.35 to 0.80); however, patients with 31 to 90 days of antibiotic exposure did not have a higher adjusted relative risk of having an ESBL-producing isolate compared to patients with 1 to 30 days of exposure to antibiotics (aRRR of 1.05; 95% CI, 0.65 to 1.70). Therefore, a dose-response relationship between antibiotic exposure and ESBL-producing isolates was not supported by these data.
In contrast to the ESBL findings, after controlling for potential confounding factors, the relative risk of having an AmpC-producing isolate compared to a susceptible isolate was not higher with antibiotic exposure in the 30 or 90 days prior to the index date (Table 2 ). However, when examining subgroups of antibiotics, the adjusted relative risk of having an AmpC-producing isolate was higher for patients with exposure to third-generation cephalosporins in the 30 days and 90 days prior to the index date. Additionally, the adjusted relative risk of having an AmpC-producing isolate was higher with exposure to broad-spectrum beta-lactams in the 90 days prior to the index date. Exposure to other antibiotic subgroups was not associated with an increased adjusted relative risk of an AmpC-producing isolate ( Table 2 ). In the dose-response analysis, patients with no exposure to antibiotics did not have a significantly lower relative risk of having an AmpC-producing isolate and patients with 31 to 90 days of exposure to antibiotics did not have a significantly higher adjusted relative risk of having an AmpC-producing isolate compared to patients with 1 to 30 days of antibiotic exposure (aRRR of 1.06 [95% CI, 0.58 to 1.92] and aRRR of 1.24 [95% CI, 0.63 to 2.47], respectively). Therefore, a dose-response relationship between the use of any antibiotic and having an AmpC-producing isolate was not supported by these data.
Hospitalization in resistant cases versus controls. The odds of hospitalization for infection were 1.64 times higher (95% CI, 1.09 to 2.47; P ϭ 0.02) in patients with ESBL-producing isolates than in controls with susceptible isolates, even after controlling for potential confounders. The odds of hospitalization were not higher for patients with AmpC-producing isolates than for controls with susceptible isolates (adjusted odds ratio of 0.72; 95% CI, 0.37 to 1.41; P ϭ 0.33).
DISCUSSION
We assessed the importance of prior antibiotic exposure as a risk factor for ESBL-or AmpC-producing versus susceptible E. coli and K. pneumoniae infections in children using prospectively collected data from a 4-year, multicenter study. We found significant associations between previous antibiotic exposure and infections with ESBL-or AmpC-producing isolates even after adjusting for potential confounding factors; however, the nature and the strength of the associations varied by resistance phenotype. We also found that the odds of hospitalization were higher in patients with infections due to ESBL-producing organisms, but not AmpC-producing organisms, than in controls.
The body of work supporting an association between previous antibiotic use and infection with ESBL-producing E. coli and K. pneumoniae in children is not as extensive as that in adults, but it is growing (32) (33) (34) (35) (36) (37) (38) (39) . Several of the available pediatric studies have focused on prophylaxis to prevent urinary tract infections (36) (37) (38) (39) and/or did not adjust for important potential confounders (34, 38) . We are aware of only one published study that focused on exposure to extended-spectrum cephalosporins (32) . The current study is the first to examine the separate relationships between the risk of infection due to ESBL-producing organisms (compared to infection due to susceptible organisms) in children and previous exposure to different categories of antibiotics, including thirdgeneration cephalosporins, broad-spectrum beta-lactams, fluoroquinolones, aminoglycosides, TMP-SMX, and anaerobic antibiotics. We found that the association between any antibiotic use and having an ESBL-producing isolate seemed to be driven by the use of third-generation cephalosporins and other broad-spectrum beta-lactams, as might be expected due to selection pressure and overall impact on the microbiota. The use of TMP-SMX was also significantly associated with an increased relative risk of having an ESBL-producing isolate, perhaps as a reflection of coselection, as ESBL-producing organisms frequently display coresistance to TMP-SMX. ESBL-producing organisms are also frequently coresistant to fluoroquinolones, and yet, fluoroquinolone use did not demonstrate an increased relative risk of ESBL-producing infection; however, fluoroquinolone use in pediatrics is less common and we were likely underpowered to identify such an association. These results reinforce the importance of antimicrobial stewardship efforts targeting the use of third-generation cephalosporins and other broad-spectrum beta-lactams. Our findings may also provide a basis for stewardship efforts to focus on the use of TMP-SMX in an effort to prevent ESBL-producing Enterobacteriaceae infections.
To our knowledge, this study is also the first to examine the epidemiology of infections due to AmpC-producing E. coli and K. pneumoniae in pediatrics. Studies that have examined previous antibiotic use as a risk factor for the development of infections due to AmpC-producing organisms in adult populations have had mixed results: some have demonstrated an association (12, 13, 16) , while others have not (11, 14, 15) . Interestingly, we found that the epidemiology of AmpC-producing organisms is different from that of ESBL-producing organisms; any previous antibiotic use was not a significant risk factor for having an AmpC-producing isolate compared to a susceptible isolate, while exposure to third-generation cephalosporins in particular was significantly associated with AmpC-producing isolates. The reason for this differential association is unknown; one hypothesis is that there is less coselection of AmpC-producing isolates than of ESBL-producing isolates when examining "any antibiotic" exposure due to the relatively lower frequency of coresistance to other antimicrobials in AmpC-producing isolates (15) . Several studies have examined differences in lengths of hospitalization between pediatric patients with ESBL-producing and non-ESBL-producing infections, with mixed results (32-34, 36, 38) . To our knowledge, no studies have examined differences in risks of hospitalization or lengths of stay for either adult or pediatric patients with AmpC-producing infections compared to susceptible infections. We found that the odds of hospitalization were larger for patients with infections due to ESBL-producing organisms than for patients with infections due to susceptible organisms. We did not find the same relationship for infections due to AmpC-producing organisms. Higher rates of coresistance to nonbeta-lactam antibiotics, such as ciprofloxacin and TMP-SMX, in the ESBL-producing organisms could potentially explain this finding by leading to more discordant empirical antimicrobial therapy or lack of commonly used oral choices for definitive treatment in the patients with infections due to ESBL-producing organisms. Another possible explanation is that ESBL-producing organisms are more virulent and cause more severe symptoms than AmpC-producing and susceptible organisms, as a large proportion of these infections are caused by E. coli sequence type 131 (ST131), which is known to be highly virulent (40) . Finally, it is possible that the provider's knowledge of ESBL status drove the decision to hospitalize, and in parallel, a lack of awareness about AmpC-producing organisms (since they were not routinely flagged by all the clinical microbiology laboratories) influenced management decisions. Together, these findings suggest that future research assessing the epidemiology of infections due to third-generation-cephalosporin-resistant organisms should differentiate between ESBL-and AmpC-producing variants when possible.
This study has several limitations. There are possibly unmeasured confounding variables for which we could not adjust and which may have biased our results. Additionally, it may have been ideal to include a second control group without infection to gain a better understanding of the impact that antibiotic exposure may have had on the development of resistant infections relative to the uninfected state. While the lack of an uninfected control group has also been shown to lead to an overestimation of the risk of antibiotic exposure for resistance (41, 42) , an additional control group was beyond the scope of this study. Because the majority of our isolates were E. coli obtained from urine specimens, our results may not be generalizable to other specimen types or organisms. Also, our dose-response analyses were limited by the lack of daily data for outpatient antibiotic exposure, which may have led to either over-or underestimating true exposure, as well as by the lack of variability in exposure duration in our data, which left us unable to assess finer cut points of exposure. Finally, because this study was performed in four tertiary-care pediatric hospitals, our findings may not be generalizable to all pediatric settings. The strengths of this study include the multicenter involvement, its matched case-control design, its large (for pediatric research) sample size, and the ability to distinguish between ESBL-and AmpC-producing infections. Antibiotic exposure appears to be an important factor in the development of resistant infections in children, but the strength of this association (and whether it is attributable to specific types of antimicrobials) varies by the mechanism of antibiotic resistance. These results reinforce the need to study and implement antimicrobial stewardship strategies in children, including those children with underlying health conditions.
